Objective: Serum amyloid A (SAA) is a novel link between increased adipose tissue mass and low-grade inflammation in obesity. Little is known about the factors regulating its serum concentration and mRNA levels. We investigated the association between SAA and leptin in obese and normal weight subjects and analyzed the effect of weight reduction on serum SAA concentration and gene expression in adipose tissue of the obese subjects. Methods: Seventy-five obese subjects (60G7 years, body mass index (BMI) 32.9G2.8 kg/m 2 , meanGS.D.) with impaired fasting plasma glucose or impaired glucose tolerance and other features of metabolic syndrome, and 11 normal weight control subjects (48G9 years, BMI 23.7G1.9 kg/m 2 ) were studied at the baseline. Twenty-eight obese subjects underwent a 12-week intensive weight reduction program followed by 5 months of weight maintenance. Blood samples and abdominal s.c. adipose tissue biopsies were taken at the baseline and after the follow-up. Gene expression was studied using real-time quantitative PCR. Results: The gene expressions in women and serum concentrations of leptin and SAA were interrelated independently of body fat mass in the obese subjects (rZ0.54, PZ0.001; rZ0.24, PZ0.039 respectively). In multiple linear regression analyses, leptin mRNA explained 38% of the variance in SAA mRNA (PZ0.002) in the obese women. Weight loss of at least 5% increased SAA mRNA expression by 48 and 36% in men and women, but serum SAA concentrations did not change.
Introduction
Obesity is characterized by chronic low-grade inflammation in the adipose tissue (1) . White adipose tissue produces a wide range of inflammatory and other bioactive molecules. Some of these adipokines are linked to the immune system or acute phase response, such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), high-sensitive C-reactive protein (hs-CRP), and serum amyloid A (SAA). These adipokines may contribute to comorbidities present in obesity, including features of the metabolic syndrome, type 2 diabetes, and cardiovascular diseases (2) .
In short-term studies, weight loss has decreased both the concentration of inflammatory markers in the serum and their gene expression in the adipose tissue (3, 4) . The improvement has mainly been detected after drastic weight loss during negative energy balance and marked fat mobilization (3, 5, 6) . Knowledge of the long-term effects of weight reduction on adipokines is still limited, and the findings have not been uniform. For example, in a recent study by Salas-Salvado et al. (7) , a weight loss of 8.8% over a 6-week period increased the expression of IL-6 and TNF-a in s.c. adipose tissue, suggesting that weight loss could actually have proinflammatory effects.
One of the most recent findings concerning adipokines deals with SAA that is synthesized in response to infection, inflammation, injury, and stress (8) . The adipose tissue is a major site for the production of SAA providing a new link between enhanced adipose tissue mass and the low-grade inflammation state seen in obesity. The SAA may also contribute to dyslipidemia (9, 10) and replaces apolipoprotein A-1 (apoA-I) in highdensity lipoprotein (HDL) cholesterol, thus possibly inhibiting reverse cholesterol transport (8, 11) . SAA may also modulate lecithin-cholesterol-acyltransferase activity (12) . However, the biological function of SAA and its role in obesity and lipid and glucose metabolism are not yet established.
The serum concentration and mRNA expression of SAA have been reported to be higher in obese than in lean subjects (13) . Sjöholm et al. (8) observed higher SAA mRNA levels in women than men. Furthermore, positive associations have been demonstrated with SAA and adiposity markers and hs-CRP (5, 6, 8) . Therefore, at least in morbid obesity, SAA is a consistent marker of adiposity-induced low-grade inflammation (6) . It appears that SAA expression is regulated by fat mass, because weight reduction has decreased the SAA concentrations and its mRNA levels in the adipose tissue (8, 13) . Accordingly, based on these findings, we were interested to investigate long-term impact of modest weight loss on the SAA concentration and the mRNA level in adipose tissue.
Leptin, the best-known adipocyte-derived signaling molecule is secreted by adipocytes and it may have effects on inflammation and SAA production. Leptin concentration and gene expression levels are proportional to total adipose mass and decrease after weight loss (14, 15, 16) . As of now, the association between SAA concentration and leptin has been investigated only in two studies (5, 17) . The significant associations disappeared after adjustment for body fat or body mass index (BMI) suggesting that the association is attributable to adiposity. Leptin may act as a proinflammatory cytokine with direct actions on the immune-inflammatory response (18) . Therefore, leptin could modulate SAA production, but this has not been proved.
To this end, we sought to investigate the serum levels and gene expressions of SAA and leptin in s.c. adipose tissue in abdominally obese men and women compared with that of normal weight control subjects. Furthermore, the long-term impact of modest weight reduction on these factors was investigated.
Materials and methods

Subjects
Seventy-five 40-to 70-year-old men and women were recruited for the study. The subjects were overweight or obese (BMI 28-40 kg/m 2 ), and they had impaired fasting glycemia (IFG; fasting plasma glucose concentration 5.6-7.0 mmol/l), or impaired glucose tolerance (IGT; 2-h plasma glucose concentration 7.8-11.0 mmol/l), and at least two other features of the metabolic syndrome according to the Adult Treatment Panel III criteria (19) as modified by American Heart Association (20) : waist circumference O102 cm (males), O88 cm (females); fasting serum triacylglycerol concentration R1.7 mmol/l; fasting serum HDL cholesterol !1.0 mmol/l (males), !1.3 mmol/l (females); blood pressure R130/80 mmHg. Of the participants, 8 subjects smoked regularly, 13 women were premenopausal and 33 postmenopausal, of whom 11 had hormone replacement therapy. Seventeen subjects had used lipid-lowering drugs with unchanged doses for at least 1 year. In addition, 36 subjects had used antihypertensive medication. All medications were maintained during the study.
After the baseline analysis, the obese subjects were randomized to one of the following groups: a weight reduction group (nZ28), an aerobic exercise group (nZ15), a resistance training group (nZ14), or an obese control group (nZ18). Subjects were matched for age, gender, BMI, and the status of glucose metabolism (IFG, IGT, and type 2 diabetes). There was no significant difference in any of the variables shown in Table 1 among the groups of obese subjects (data not shown). In addition, 11 normal weight healthy subjects (7 women and 4 men) were included as normal weight control subjects. Since there were no significant changes in anthropometric measurements, glucose metabolism, or serum lipid profile during the intervention in physical exercise groups, only the weight reduction and control groups were studied further. The Ethics Committee of the District Hospital Region of Northern Savo approved the study plan. All participants volunteered for the study and gave their written informed consent.
Study design
The duration of the study varied between 32 and 38 weeks (mean duration 33.3G1.1 weeks). After the baseline measurements, the weight reduction group had a 12-week intensive weight reduction period during which they followed detailed instructions given by a clinical nutritionist, based on a 4-day dietary record and an interview. The subjects were asked to maintain their habitual level of physical exercise. During the period between weeks 12 and 33 the minimum aim was to maintain the reduced weight achieved and appointments with a nutritionist were organized if needed. The control group was asked not to change their lifestyle habits.
Body height was measured at the beginning of the intervention, and measurements for body weight, body composition, and waist circumference were performed during 0-33 weeks. At weeks 0 and 33, 12-h fasting blood samples were drawn to determine the concentrations of serum total and HDL cholesterol and serum triglycerides, plasma glucose and serum insulin, and those of the adipokines (SAA, IL-6, TNF-a, hs-CRP, adiponectin, and leptin). Waist circumference was measured halfway between the lower rib and iliac crest with an accuracy of 0.1 cm. Body weight was measured with digital scale SECA 880 (Vogel&Halke, Hamburg, Germany), and body composition with bioelectrical impedance by STA/BIA Body Composition Analyzer (Akern Bioresearch Srl, Firenze, Italy).
The s.c. abdominal fat biopsies were taken at the baseline and after the intervention, and the mRNAs of SAA, leptin, adiponectin, and TNF-a of the biopsies were assayed. Normal weight control subjects (nZ11) visited the laboratory once for anthropometric measurements, fasting blood samples, adipose tissue biopsy, and oral glucose tolerance test. Adipose tissue biopsy was successfully drawn from ten normal weight subjects.
Biochemical analyses
Plasma glucose concentration was measured with the hexokinase method (Thermo Clinical Labsystems, Vantaa, Finland), and insulin with a chemiluminescence sandwich method (ACS, Bayer/Chiron). The frequently sampled intravenous glucose tolerance test was performed according to the minimal model method (21) . The results were calculated by the Minimal Model Millennium software 6.02 (22) . Total serum cholesterol and triglycerides, and HDL cholesterol after precipitation of apoprotein (apo) B were analyzed with enzymatic methods (CHOD-PAP and GPO-PAP, Roche Diagnostics) on Kone Pro Clinical Chemistry Analyzer (Thermo Clinical Labsystems, Konelab, Espoo, Finland). Serum apo-AI concentration was measured immunoturbidometrically (Thermo Electron Corp, Konelab 20XTi, Vantaa, Finland).
Hs-CRP was determined with Immage Immunochemistry System (Beckman Coulter, Fullerton, CA, USA). Adipocyte cell size, RNA extraction, cDNA synthesis Adipose tissue samples for RNA extraction and cell size measurements were taken by a syringe from an s.c. abdominal adipose tissue under local anesthesia (lidocaine 10 mg/ml without epinephrine) after an overnight fast to collect 0.5-5 g of adipose tissue. Biopsies were washed twice with GIBCO phosphatebuffered saline (Invitrogen). Part of the sample was stored in RNAlater (Ambion, Austin, TX, USA) at 4 8C for RNA extraction. After 24 h, RNAlater was removed and samples were stored at K80 8C.
Adipocytes were isolated in the presence of collagenase (0.5 mg/ml) under constant shaking at 2 Hz at 37 8C in buffer containing 125 mmol/l NaCl, 5 mmol/l KCl, 1 mmol/l CaCl 2 , 2.5 mmol/l MgCl 2 , 1 mmol KH 2 PO 4 , 4 mmol/l glucose, 2% bovine serum albumin, and 25 mmol/l Tris at pH 7.4 (23, 24) . After 60 min cells were filtered through nylon cloth and washed three times with the same buffer without collagenase. Direct microscopic determination of the adipose cell diameter was performed by placing an aliquot of cell suspension in the Bü rker chamber and examining with light microscope (Olympus CH-2). The median diameter of 100-200 cells was used for the estimation of fat cell size. Total RNA from adipose tissue was extracted using a TRIzol method followed by further purification with RNeasy Mini Kit columns according to the instructions provided by the manufacturers (Invitrogen and Qiagen). Five microgram of the total RNA were converted to firststrand cDNAs in 100 ml reactions using random primers (high-capacity cDNA Archive Kit P/N 4322171, Applied Biosystems, Foster City, CA, USA).
Real-time PCR analysis
Real-time PCR (QPCR) analyses were performed using ABI Prism 7500 Real-Time PCR system using assays based on TaqMan chemistry and ABI Prism 7500 SDS software (Applied Biosystems). Because of the high homology between SAA1 and SAA2, the primers were designed to detect both isoforms. The expression of cyclophilin A1 was used as an endogenous control. Each PCR consisted of 6 ng cDNA, 1! Assay Mix, and 1! TaqMan Universal PCR Master Mix (Applied Biosystems). QPCR data were collected during each extension phase of the PCR. For the standard curve, all samples of obese subjects were pooled to generate a representative cDNA for standard dilutions. A standard curve with five concentrations (0.5, 1.5, 6, 18, and 36 ng/ml) and calibrator (6 ng/ml) were used on every plate and for every gene. This standard curve was used to determine the relative quantity of cDNA in each sample by comparison using methods described in the ABI Prism User Bulletin no. 2. The quantities on each plate were first corrected by the calibrator on the plate. Furthermore, the relative amount/plate was corrected with the corresponding values of endogenous control cyclophilin A1. Analyses for the relative quantity of specific gene before and after the intervention were analyzed in triplicates.
Statistical analysis
Statistical tests were performed using SPSS statistical software for Windows (version 14.0, SPSS Inc., Chigago, IL, USA). The normality of distributions of the variables was verified with the KolmogorovSmirnov test with Lilliefors correction. Logarithmic transformation was used when appropriate. The baseline differences in variables among the groups were analyzed using general linear model (GLM) for univariate analysis adjusted for age. The GLM for repeated measures was used for analyzing the interaction of time and group. If GLM was statistically significant (P!0.05), independent samples t-test was used for analyzing comparisons between different groups, and paired samples t-test was used for comparing the baseline and endpoint variables within the study group. The correlations were calculated with the Pearson and Spearman methods. Partial correlations were calculated to control for confounding factors. Multiple linear regression analysis was used to assess the influence of age, percentage of fat, size of adipocyte, leptin mRNA, and TNF-a mRNA levels on the variation of SAA mRNA (dependent variable). In tables and figures unadjusted values are shown, but the statistics between obese subjects and normal weight control subjects are calculated with the age-adjusted values.
Results
Baseline variables of the study group
There was a significant difference in age between the 75 obese and 11 normal weight subjects, and thus the comparisons between these groups were adjusted for age ( Table 1) . As expected, the obese subjects showed significantly higher body weight, BMI, percentage of body fat, body fat mass (kg), waist circumference, adipocyte cell size, and fasting plasma glucose and serum insulin levels than the normal weight subjects. The serum concentration of triglycerides was higher, but HDL cholesterol was lower in the obese subjects than in the normal weight controls.
Baseline serum values
The obese subjects showed decreased concentration of adiponectin, increased concentrations of SAA, leptin, and IL-6, but not of hs-CRP and TNF-a when compared with normal weight control subjects (Table 1 ). In the obese subjects, a significant gender difference was found in SAA and leptin concentrations, such that in women the SAA concentration was 35.6G32.0 mg/ml and that of leptin 30.2G9.7 ng/ml, whereas the respective values for men were 17.7G9.8 mg/ml and 11.7G 5.9 ng/ml (P!0.001 for both). In normal weight subjects, serum leptin concentrations were also higher in women (9.1G4.0 ng/ml) than men (3.1G0.8 ng/ml, PZ0.017), but SAA concentrations did not differ.
In the obese subjects, serum SAA concentration correlated positively with BMI, body fat mass (Table 2) , and serum leptin (Fig. 1A) . The latter association remained significant after adjustment for fat mass (rZ0.24, PZ0.039) or hs-CRP (rZ0.28, PZ0.015). In addition, SAA concentration was positively associated with hs-CRP (Table 2 ), but not with IL-6 or TNF-a (data not shown). Furthermore, serum concentrations of leptin and IL-6 were intercorrelated (rZ0.25, PZ0.035). In women, SAA was negatively correlated with insulin sensitivity index (S I ). However, when corrected for fat mass, the correlation was no longer statistically significant. The concentrations of SAA were not associated with total and HDL cholesterol or apo-AI levels.
In the normal weight control subjects, serum SAA concentration correlated positively with serum leptin concentration (Fig. 1B) even after controlling for body fat mass (rZ0.82, PZ0.003). Moreover, serum concentrations of leptin and IL-6 were intercorrelated (rZ0.64, PZ0.035).
mRNA expressions in adipose tissue at baseline
The expression of both SAA (108G71 AU versus 26G19 AU, PZ0.001) and leptin (77G26 vs 46G14, P!0.001) were higher in obese women than obese men. There was no gender difference in TNF-a gene expression (44G38 AU in women and 45G45 AU in men). In normal weight control subjects no differences between genders were found. Hormone replacement therapy, lipid lowering or anti-hypertensive drugs did not affect the SAA mRNA levels or the serum concentrations at the basal level. Moreover, there were no differences between non-smokers and regular smokers or between premenopausal and postmenopausal women in SAA levels.
In the obese subjects, there was a positive correlation between SAA mRNA levels and fasting SAA concentration (Table 2) , body fat mass (rZ0.29, PZ0.015), and adipocyte cell size (rZ0.31, PZ0.008). There was also a positive association between the SAA mRNA and the serum leptin concentration (rZ0.59, P!0.001), which was independent of fat mass (rZ0.60, P!0.001). Furthermore, there was a positive association between the mRNA levels of SAA and leptin (Fig. 1C) , also when adjusted for body fat (rZ0.63, P!0.001). When divided by gender the association was significant only for women (rZ0.54, PZ0.001).
In the normal weight control subjects there was a significant correlation between the mRNAs of leptin and SAA (Fig. 1D) , and the trend remained after adjustment for fat mass (rZ0.60, PZ0.085). Furthermore, the SAA mRNA level and the serum leptin concentration were intercorrelated (rZ0.71, PZ0.021) even after adjustment for fat mass (rZ0.71, PZ0.034).
Multiple regressions
The variables explaining the variance of the mRNA levels of SAA were evaluated separately in men and women. In women, the linear regression analysis with SAA mRNA level as the independent variable and age, percentage of body fat, size of adipocytes, leptin mRNA, and TNF-a mRNA levels as the dependent variables, only leptin mRNA level significantly explained the variation of SAA (R 2 Z0.38; PZ0.002). In men, none of the variables explained the variance of the mRNA levels of SAA.
Effect of weight reduction
In the weight reduction group (nZ28), the 33-week intervention decreased body weight by 4.6G3.9 kg from 92.8G15.1 to 88.2G13.6 (P!0.001). The BMI was reduced from 32.9G3.2 to 31.3G2.7 kg/m 2 , waist circumference from 108G9 to 105G8 cm, fat mass from 34.7G8.9 to 31.7G7.9 kg, and serum leptin concentration from 20.5G11.3 to 17.3G9.2 ng/ml (PZ0.001 for all). No significant changes were detected in the obese control group. The SAA and leptin mRNA levels and serum leptin concentration were higher in women than men in the weight reduction and obese control groups at the baseline and after 33 weeks (Table 3 ). The overall change in SAA mRNA with time was significant between the weight reduction and obese control groups (Table 3 ). Further analysis indicated that the SAA mRNA level increased (PZ0.002) in the weight reduction group and in both women and men (PZ0.035; PZ0.030 respectively). The increase remained significant regardless of the use of different medications. Furthermore, the positive correlation between the SAA mRNA level and the serum SAA concentration remained significant (rZ0.38, PZ0.001).
The overall change in serum leptin concentration with time differed between the weight reduction and obese control groups, but the reduction was significant only in women of the weight reduction group (PZ0.015). The changes between the groups in leptin mRNA, concentrations of SAA, and hs-CRP or adipocyte cell size were not significant. 
Discussion
The SAA and IL-6 were increased in these abdominally obese men and women with characteristics of the metabolic syndrome and disturbed insulin and glucose metabolism consistent with the presence of a low-grade inflammatory state. The major novel findings of this study were that serum concentrations of leptin and SAA were associated with each other independently of body fat mass in both obese and normal weight subjects. There was also a strong association between the gene expressions of SAA and leptin after correction for fat mass in the obese subjects, especially in women. Unexpectedly, a weight reduction with at least 5% weight loss resulted in a seemingly paradoxical increase in SAA mRNA expression in an s.c. adipose tissue. At the baseline, there was a gender difference among obese subjects with higher serum SAA and leptin concentrations and mRNA levels in women than men. The higher serum SAA concentration in women is a novel finding, but a gender difference in SAA mRNA level has been documented previously (8) . The SAA mRNA expression has been reported in both the omental and s.c. adipose tissues (5, 13) . However, in morbidly obese subjects the expression of SAA was found to be higher in s.c. than visceral adipose tissue (6) . Accordingly, because women in general have relatively greater amounts of s.c. than visceral fat compared with men, the gender difference in SAA may be due to the regional difference in SAA gene expression. In multiple linear regression analyses, the size of adipocytes did not explain the SAA expression in women.
Our findings suggest a contribution of leptin expression to the SAA mRNA level or vice versa independently of body fat mass. The associations between serum concentrations of SAA and leptin found in both obese and lean subjects support a possible causal relationship. Little is known about the interaction between leptin and SAA, particularly in healthy normal weight subjects, and the mechanisms linking leptin and SAA are not clear. Both SAA and leptin are Figure 1 The association of serum amyloid A and leptin concentrations in (A) 75 obese subjects (rZ0.52, P!0.001), and (B) 11 normal weight control subjects (rZ0.83, PZ0.002), and the association of serum amyloid A and leptin mRNA levels in (C) 75 obese subjects (rZ0.64, PZ0.001), and (D) 10 normal weight control subjects (rZ0.80, PZ0.006) at the baseline. Black circles represent men and white represent women.
predominantly expressed in adipocytes, which may in part explain the interaction. The SAA production is induced by the pro-inflammatory cytokines, TNF-a, and IL-6 (25). Since leptin is known to induce both TNF-a and IL-6 production, it is conceivable that SAA production is up-regulated by leptin via these cytokines (26) . Supporting this hypothesis, we found an association between the concentrations of leptin and IL-6. Unfortunately, we were not able to measure IL-6 mRNA levels in s.c. adiposose tissue, probably due to regional variation in IL-6 expression, since the expression is higher in visceral than s.c. fat (27) .
It is possible that leptin may also directly affect SAA synthesis in adipocytes. However, these signaling pathways in the adipose tissue are not well elucidated, and it should be borne in mind that the cross-sectional association of SAA and leptin does not permit conclusions on the directionality.
If leptin induces SAA production, it may provide a novel mechanistic link between obesity and the associated vascular complications. First, the SAA is a significant predictor of coronary artery disease risk in women, but the mechanism of the association is not comprehended (28) . Secondly, there is also increasing evidence of an association between leptin and cardiovascular risk (29, 30) . In obesity, both leptin and SAA are increased simultaneously, and this may even be associated with an additive increase in cardiovascular risk.
There are only few reports showing that leptin and hs-CRP concentrations are interrelated independently of adiposity markers in the obese and normal weight subjects (31) (32) (33) . These findings suggest that leptin may modulate hs-CRP levels either directly or indirectly through inflammatory pathways in the immune system. We also looked for the expression of CRP mRNA in s.c. adipose tissue, but we did not find measurable quantities (data not shown). Previous findings on the presence of CRP mRNA in s.c. adipose tissue are conflicting (8, 34) .
The 33-week intervention with at least 5% weight loss increased mRNA expression of SAA in s.c. adipose tissue in both genders, even though the respective serum concentration was unchanged. This observation is in contrast to previous findings (6, 8) . Discrepancies between these outcomes can be due to differences in study design. The subjects in the prior studies had been severely obese, and underwent very-low-calorie diet or bariatric surgery, resulting in a drastic short-term weight loss (6, 8) . In the present study, however, the subjects were less obese, and the weight loss was modest. It may be that the 5-month follow-up period allows compensatory mechanisms to be up-regulated. More specific effects might have been found with samples obtained at week 12. However, the study was very demanding for the subjects, and it would have been too much to include a third adipose tissue biopsy in the protocol. In addition, it should be taken into account that concomitant gene expression changes in visceral adipose tissue remained unknown. Moreover, the hepatic contribution to SAA concentration is not known (13) .
Taken together, the present data indicate that longterm modest weight reduction increased SAA mRNA expression in s.c. abdominal adipose tissue. Because the serum concentrations of SAA did not change, the clinical relevance of this finding needs to be evaluated further. In addition, our findings suggest a strong interaction between SAA and leptin expression at the mRNA level in adipose tissue in obese subjects. The body fat mass-independent associations between the serum concentrations of SAA and leptin found in normal weight and obese subjects support a possible causal relationship, which may have implications in inflammatory processes related to obesity and the metabolic syndrome.
